INTRODUCTION
The genome of tomato black ring virus (TBRV) comprises two pieces of RNA (Mutant et al., 1973; Randles et aL, 1977) of mol. wt. 2-8 x 106 (RNA-1) and 1-65 × 106 (RNA-2) (Murant et al., 1981) . Previous work with TBRV (strain A) and TBRV (strain G), belonging to the beet ringspot and potato bouquet serotypes respectively (Harrison & Mutant, 1977; Murant, 1981) has shown that of the two possible heterologous combinations of genome RNA species only that of RNA-1 from TBRV(G) and RNA-2 from TBRV(A) will infect plants and form a saptransmissible isolate (Randles et al., 1977) . This contrasts with similar experiments with another nepovirus, raspberry ringspot virus, in which all possible pseudorecombinant mixtures were infective for plants (Harrison et al., 1974) . It was suggested by Randles et al. (1977) that this partial incompatibility with TBRV resulted from the relatively distant relationship between tile virus strains used for the experiment.
The failure of one pseudorecombinant mixture of TBRV RNA to induce infection could be for three reasons: (i) normal virus multiplication occurs but the amount of spread from inoculated cells to surrounding cells is very limited, as is thought to happen following inoculation of cowpea mosaic virus (CPMV) to tobacco leaves (Huber et al., 1977) ; (ii) multiplication occurs but is defective in some way, as for example in protoplasts inoculated with RNA-I preparations of CPMV or TBRV (Goldbach et al., 1980; Robinson et al., 1980) , where RNA-1 is replicated but no virus particles are produced; (iii) no multiplication occurs. To test these possibilities, we inoculated tobacco protoplasts with pseudorecombinant mixtures of TBRV RNA and assayed the resulting virus-induced products. The results show that when protoplasts were inoculated with RNA-I(A) + RNA-2(G), virus multiplication was defective in that no synthesis of infective RNA-2 could be detected, although infective RNA-1 and RNA-free virus particles were produced. 
METHODS
Virus propagation and purification. Two isolates of TBRV were used: strain A, of the Scottish (= beet ringspot) serotype, and strain G of the German (= potato bouquet) serotype. Virus was propagated in Nieotiana clevelandii plants and purified from infected leaves by trituration in phosphate buffer, clarification with 8-5~ (v/v) butan-1-ol, precipitation with 10~ polyethylene glycol (PEG) 6000 + 0.17 M-NaC1, and differential centrifugation as described by Mayo et al. (1982) .
Separation ofnucleoprotein components. Middle (M; approx. 97S) component particles were obtained by two or three cycles of sedimentation in sucrose density gradients [195 rain at 24000 rev/min in 10 to 40~0 sucrose in 0.07 M-sodium phosphate buffer pH 7, using a SW27 rotor (Beckman)]. Bottom (B; approx. 121S) component particles were obtained by one separation in sucrose gradients followed by centrifugation"of the B component fraction to equilibrium in CsC1 (density = 1.506 g/ml) for 16 h at 4 °C.
Preparation ofRNA. RNA was extracted from preparations of nucleoprotein components using phenol and SDS as described by Harrison & Barker (1978) , and from protoplasts as described by Robinson et al. (1980) , eXcePt that precipitation with Liel was omitted.
Preparation, inoculation and culture of protoplasts. Mesophyll protoplasts were prepared from tobacco (N. tubacum cv. Xanthi) plants grown in controlled conditions (Kubo et al., 1975b) . Protoplasts were prepared as described by Kubo et al. (1975a) and inoculated with virus panicles using poly-L-ornithine (PLO) by the indirect method (Kubo et al., 1975a) , or with RNA using PEG (Maule et al., 1980) . Inoculation mixtures contained either (i) 0.01 Ixg/ml B component and/or 0.1 gg/ml M component, together with 1 gg/ml PLO and 25 re.M-potassium phosphate at pH 6 or (ii) 25 to 50 lig/ml of either or both RNA species together with 40~ (w/v) PEG and 3 mMCaCI 2 at 0 °C. After inoculation, protoplasts were incubated at 20 to 22 °C in continuous light at 3000 lux (Kubo et al., 1975 a) . Staining of protoplasts with fluorescein-conjugated antibody was as described by Kubo et al. (1975 a) . Staining was weak and, in some experiments [especially those with TBRV(G)], the proportion of protoplasts which had synthesized virus coat protein could not be assessed accurately.
Infectivity assay. The relative infectivities of inocula were estimated from the numbers of lesions produced in inoculated leaves of Chenopodium amarantieolor. RNA samples were dissolved in 0.01 M-Tris-HCI pH 7.6 containing bentonite (20 gg/ml). Plastic gloves were worn for inoculation and leaves previously dusted with corundum (UK Optical Co., London) were wiped with a muslin pad dipped once in the inoculum. Treatments were allocated to leaves using a Latin square design, to minimize errors caused by variation in susceptibility of assay plants to infection. Following inoculation, the plants were kept in a glasshouse at 15 to 20 °C for 4 days and were then transferred to a controlled-environment cabinet which was illuminated (5000 lux) for 16 h at 24 °C with alternating periods of 8 h in darkness at 20 °C. These conditions favour the production of readily countable lesions (R.L.S. Forster, personal communication).
Sucrose density gradient centrifugation of protoplast extracts. Following incubation, protoplast samples were recovered by centrifugation, washed several times with 0-7 M-mannitol and then pelleted in a micro-analysis tube. This pellet, containing about 2 x 10 s to 4 x 105 protoplasts, was disrupted by vigorous mixing with 0.3 ml 0.002 M-sodium phosphate pH 7-4 + 0.015 M-NaC1 and the suspension was then clarified by centrifugation at 10000 rev/min for 10 min. Samples (0.1 to 0.2 ml) of the supernatant fluid were layered onto gradients of 10 to 40 (w/v) sucrose in 0.07 M-phosphate pH 7, and the gradients were centrifuged for 45 rain at 50 000 rev/min at 10 °C in a SW50.1 rotor (Beckman). These and other gradients containing preparations of purified TBRV particles were analysed by upward displacement through a u.v.-absorptiometer (Isco Inc.). Fractions of equal volume were collected and after suitable dilution (usually three-to fivefold) with 0.05 % Tween-20 in 0.02 M-sodium phosphate pH 7.4 + 0-15 M-NaCI (PBS-Tween) their TBRV antigen content was assayed by ELISA.
Enzyme-linked immunosorbent assay (ELISA).
The concentrations of particles of TBRV(G) or TBRV(A) were assayed by ELISA (Clark & Adams, 1977) using preparations of purified M particles as standards and assuming E~g~/ml = 5. Samples were either fractions from sucrose gradients or pellets of 105 protoplasts disrupted directly in PBS-Tween and diluted in this buffer. The wells of microtitre plates (M129A or M129B; Dynatech) were coated with y-globulin from rabbit antiserum to TBRV(A) or TBRV(G) at 1 gg/ml. Samples were kept in these wells overnight at 4 °C and then the wells were exposed for 3 h at 37 °C to a 1/800 dilution of y-globulin conjugated with alkaline phosphatase. After adding enzyme substrate, the plates were kept for 3 h at 20 °C and then 16 h at 4 °C; A4o5 values were determined at intervals using a Titertek Multiscan colorimeter (Flow Laboratories). These assays were very strain-specific: TBRV(G) at 1 gg/ml was indistinguishable from buffer when tested using ELISA for TBRV(A) (i.e. < 1 ng/ml) and TBRV(A) at 1 gg/ml gave a reading equivalent to 4 ng/ml !n ELISA for TBRV(G).
Electron microscopy. Virus particles in buffer extracts of protoplasts were detected using immunosorbent electron microscopy, as described by Roberts & Harrison (1979) . After incubation, protoplasts were centrifuged, ' washed twice with 0.7 M-mannitol and pellets of about 5 x 104 protoplasts were stored at -18 °C. Thawed pellets were ground in 10 gl phosphate buffer pH 6.5, using a micro-mortar (Duncan & Roberts, 1981) , diluted to about 50 gl and centrifuged for 15 min at approx. 8000 g. Grids previously coated with antiserum to TBRV were floated ~ on 10 gl drops of the supernatant fluid for 1 or 2 h at 4 °C, and examined after staining with 2% ammonium • molybdate pH 5. 651 * RNA inocula in expt. 1 were at 4 ng/ml (RNA-1) and 20 ng/rnl (RNA-2); nucleoprotein particle inocula in expt. 2 and expt. 3 were at 10 ng/ml bottom component (containing RNA-1) and 100 ng/ml middle component (containing RNA-2).
t Total lesions in six leaves of C. amaranticolor.
:~ Percentage of protoplasts surviving culture for 44 h which stained with fluorescent antibody to TBRV(A) or TBRV(G).
§ Amount of TBRV coat protein in protoplasts 44 h after inoculation, estimated by ELISA and calculated assuming all protein was in M component particles.
RESULTS

Inoculation with genome parts singly and in mixtures
In expt. 1, Table 1 , we compared the infectivities of individual and mixed RNA species of TBRV(G) and TBRV(A) on leaves of C. amaranticolor. As was shown earlier with less well separated material (Randles et al., 1977) , neither RNA species from either isolate induced many lesions when inoculated alone, whereas mixtures of RNA-1 and RNA-2 [except that of RNA-I(A) + RNA-2(G)], were much more infective.
The results of a similar experiment in which tobacco protoplasts were inoculated with mixtures of nucleoprotein particles are shown in Table 1 , expt. 2. Infection of protoplasts sampled 44 h after inoculation was assessed by staining with fluorescent antibody to TBRV particles. As in expt. 1, the inoculum of B component particles (containing RNA,1) of TBRV(A) and M component particles (containing RNA-2) of TBRV(G) did not induce detectable synthesis of virus. However when this experiment was repeated using ELISA to assay protoplast extracts for TBRV coat protein a different result was obtained (Table 1, In another experiment, protoplasts were sampled both 2 and 3 days after inoculation and their virus contents were estimated by ELISA, There was little (< 20~o) or no increase in virus content between these times for protoplasts inoculated with any of the four combinations of nucleoprotein particles.
Sucrose density gradient analysis of virus particles in protoplast extracts
The sedimentation behaviour of the TBRV coat protein in extracts of protoplasts inoculated with different combinations of RNA species was determined by centrifuging the extracts in sucrose density gradients followed by ELISA of the fractions. The three sedimenting (Fig. 1 a) , which are nucleic acid-free protein shells sedimenting at about 55S. No other sedimenting components were detected in extracts made of similar protoplasts 3 days after inoculation.
Electron microscopy of particles in protoplast extracts
Protoplasts were inoculated with RNA-I(A) + RNA-2(G), RNA-2(G) alone or RNA-I(G) + RNA-2(A) and extracts of samples taken 44 h later were examined by immunosorbent electron microscopy. Few particles were detected in extracts of protoplasts inoculated with RNA-2(G); these are thought to result from a slight contamination of RNA-2(G) with RNA-1 (G). In contrast, many particles were detected in both the other protoplast samples (e.g. Fig. 2) . However, whereas some of the particles in extracts of protoplasts inoculated with RNA-1 (G) + RNA-2(A) were not penetrated by the electron stain (Fig. 2a) , all particles in extracts of protoplasts inoculated with RNA-I(A) + RNA-2(G) were so penetrated (Fig. 2b) .
Assay for the synthesis of infective RNA by protoplasts
Although particles containing TBRV RNA were not found in extracts of protoplasts inoculated with RNA-I(A) + RNA-2(G) it seemed likely that infective RNA-I(A), and possible that RNA-2(G), had been synthesized but not assembled into particles. When RNA 
RNA-2(A) 139 * RNA-I(G) or RNA-2(A) were added to RNA extracts immediately before assay to give final concentrations of 4 ng/ml and 20 ng/ml respectively. t Total lesions in six leaves of C. amaranticolor induced by RNA extracts (final concentration equivalent to 105 protoplasts/ml) of those protoplasts that survived culture.
was extracted from such protoplasts 24 h after inoculation and tested, it had only a trace of infectivity for plants (Table 2) . However, the combination RNA-I(A) + RNA-2(G) does not produce lesions in assay plants, and these species must therefore be assayed separately by adding each of the complementary homologous RNA species, which were barely infective .{:~2 lesions/6 leaves) by themselves, to the RNA extracts immediately before inoculating the test plants. These additions enhanced the infectivities of RNA extracts of protoplasts inoculated with RNA-I(A), RNA-2(G) or both RNA species (Table 2), suggesting that each RNA species had replicated in the protoplasts even when inoculated alone. This suggestion conflicts with the conclusion from previous work (Robinson et al., 1980) , which showed that RNA-I~A) can multiply in protoplasts independently of RNA-2(A), but that R-NA-2(A) does not multiply when inoculated alone. However, in a further test when the infectivity was assayed of samples taken at intervals after protoplasts were inoculated with RNA-I(A) + RNA-2(G) (Table 3) , the amount of infective RNA-1 (A) increased during culture but the amount of infective RNA-2(G) did not. The inoculum RNA taken up by the protoplasts was recovered 90 min after inoculation, and whereas the amount of RNA-I(A) detectable after 24 h culture had increased, showing that RNA-1 (A) had multiplied, the amount of infective RNA-2 detected decreased, suggesting that * RNA-1 (G) or RNA-2(A) at final concentrations of 4 ng/ml and 20 ng/ml respectively were added immediately before assay to RNA from protoplasts.
t Total lesions in six leaves of C. amaranticolor induced by RNA extracts (final concentration equivalent to 105 protoplasts/ml) of those protoplasts that survived culture.
it had not multiplied. Surprisingly, some inoculum RNA appeared to remain infective for up to 44 h after inoculation. Furthermore, as was shown by Robinson et al. (1980) for protoplasts inoculated with RNA-I(A), the amount of infective RNA-I(A) in protoplasts inoculated with RNA-I(A) + RNA-2(G) decreased between 24 h and 44 h after inoculation.
DISCUSSION
Our results show that both heterologous combinations of RNA species from TBRV(A) and TBRV(G) can induce the synthesis of virus-specific products in inoculated protoplasts. As in plants (Randles et al., 1977) , the combination RNA-I(G) + RNA-2(A) forms a pseudorecombinant that replicates to produce nucleoprotein particles; however, the combination RNA-1 (A) + RNA-2(G) induces a defective infection in tobacco protoplasts, but no apparent infection in C. amaranticolor or N. clevelandii. Thus, these RNA species are compatible to some extent. Perhaps other combinations of RNA species which appear to be non-infective for plants can induce a defective or incomplete infection in isolated protoplasts.
RNA-1 of TBRV replicates in inoculated protoplasts independently of RNA-2 (Robinson et al., 1980) . In our experiments, RNA-1 (A) also multiplied when inoculated together with RNA-2(G), and there was no evidence that RNA-2(G) inhibited the multiplication of RNA-I(A). However, potentiallyinfective RNA-2(G) appeared not to multiply in protoplasts eithe6when inoculated alone, as previously shown for RNA-2(A) (Robinson et al., 1980) , or when inoculated together with RNA-I(A). TBRV coat protein is coded for by RNA-2 (Randles et al., 1977) and was synthesized in protoplasts inoculated with RNA-1 (A) + RNA-2(G) but not in protoplasts inoculated with RNA-2(G) alone. From inoculation experiments with radioiodinated tobacco ringspot virus RNA we estimate that about 0-1 to 0.5% of inoculum RNA is bound .by inoculated protoplasts, and it seems unlikely that this amount of RNA-2 could be translated the 300 or so times needed to produce the amount of coat protein found following culture. Perhaps RNA-2 was replicated but either the synthesis and breakdown balanced at a level equivalent to that originally taken up by the protoplasts, or the RNA which was synthesized, and which functioned as a messenger, was not infective. The infectivity of TBRV RNA is almost completely abolished by treatment with protease (Harrison & Barker, 1978) , probably because the genome-linked protein is destroyed (Mayo et al., 1982) . Perhaps the RNA-2 synthesized in protoplasts inoculated with RNA-I(A) + RNA-2(G) was not infective because it lacked a genome-linked protein. This protein is thought to be coded for by RNA-1 (Robinson et al., 1980) and would therefore be heterologous to RNA-2. Synthesized RNA-1 was infective and therefore was linked to a genome protein, but it did not assemble into particles with strain G coat protein.
It has been suggested that the genome-linked protein of poliovirus plays a role during the assembly of virus particles (Wimmer, 1979) . Perhaps TBRV RNA-I linked to strain A genome protein cannot assemble with strain G coat protein. This would imply that the genome-linked protein of TBRV(A) differs from that of TBRV(G); however, timited attempts to distinguish between these two genome proteins were unsuccessful (Mayo et al., 1982) .
Although TBRV RNA-2 contains the coat protein gene, translation of TBRV RNA-2 in vitro yields a large polypeptide but not coat protein (Fritsch et al., 1980) . If translation in vivo is similar then the processing by which coat protein is released from the precursor polypeptide occurs correctly in protoplasts inoculated with RNA-1 (A) + RNA-2(G) because virus-like particles were made in these protoplasts. Proteolytic cleavage of a large precursor protein is thought to be the way in which cowpea mosaic virus coat protein is made in infected cells and there is evidence that one of the proteases used is coded for by RNA-1 (Franssen et al., 1982) . If the same is true for TBR¥ then the strain A protease correctly cleaves the precursor of strain G coat protein.
Our results therefore show that for some events occurring during multiplication, RNA-I(A) and RNA-2(G) are compatible but for others they do not complement each other. Further study of partial interactions of such kinds may lead to a more detailed understanding of relations between the RNA species that make up multipartite genomes of viruses and indeed of how such virus genomes function and multiply in some cellular situations and yet fail to do so in others.
